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ABSTRACT

ARTICLE HISTORY

In the case of undistorted and balanced grid voltages, low ratio shunt
active power ﬁlters (APFs) can give unity power factors and achieve
current harmonic cancellation. However, this is not possible when source
voltages are distorted and unbalanced. In this study, the cost-eﬀective
hybrid active power ﬁlter (HAPF) topology for satisfying the requirements of harmonic current suppression and non-active power compensation for industry is presented. An eﬀective strategy is developed to
observe the eﬀect of the placement of power capacitors and LC ﬁlters
with the shunt APF. A new method for alleviating the negative eﬀects of
a nonideal grid voltage is proposed that uses a self-tuning ﬁlter algorithm with instantaneous reactive power theory. The real-time control of
the studied system was achieved with a ﬁeld-programmable gate array
(FPGA) architecture, which was developed using the OPAL-RT system.
The performance result of the proposed HAPF system is tested and
presented under nonideal supply voltage conditions.
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KEYWORDS

Hybrid topology; active
power ﬁlter real-time
control; power quality; selftuning ﬁlter; current and
voltage harmonics

1. Introduction
It is known that in industrial and domestic power distribution, the increased non-linear loads lead
the transmitted power quality to degradation (Akagi, 1996). The main reason causing this is the
increased power electronic loads in the systems such as motor soft starters, uninterruptible power
supplies, and power converters. Such loads cause voltage or current harmonics by drawing
distorted currents from the grid. Various power problems in distribution network and in consumer
equipment’s like blown of power capacitors, heating of transformers, neutral current increases, low
power factor, if the harmonics are suﬃciently large (Grady & Santoso, 2001; Yacamini, 1995). A
simple way of reducing the reactive power and current harmonics is using shunt-connected
capacitors and passive ﬁlters (PFs). However, there are many disadvantages of this approach, as
noted by Biricik and Ozerdem (2011). Due to their excellent compensation characteristics, much
eﬀort has been devoted to the design of active power ﬁlter (APF) (Akagi, Kanazawa, & Nabae, 1984;
Buso, Malesani, & Mattavelli, 1998; Fujita & Akagi, 1991; Singh, Al-Haddad, & Chandra, 1999). APFs
have several advantages over the PFs. Compensating both for the reactive power (Q) and current
harmonics dynamically is the main advantage of the APF. Using the power converters to perform
the harmonic current suppression, they overcome drawbacks of the PFs; they do not cause
resonances. However, simultaneously achieving well harmonic current elimination and Q compensation using an APF is usually not practical. Designing the APF to reduce the non-active power with
the harmonic currents increases the initial costs to very high values as the current capacity of
CONTACT Samet Biricik
© 2016 Taylor & Francis

samet@biricikelektrik.com
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power switched devices, such as metal-oxide-semiconductor ﬁeld-eﬀect transistor or insulated-gate
bipolar transistor, increases with the power ratio. In recent years, to reduce the implementation
cost of APFs, they are designed with shunt capacitors and/or PFs. Hybrid active power ﬁlter (HAPF)
is the name given to these types of systems (Akagi, 2000; Biricik & Ozerdem, 2010; Chen, Chenl, &
McCotmick, 2004; Singh, 2002; Venkatesh, Sarma, & Sydulu, 2009). To improve compensation
performance as well as reduce the size of an APF, a number of topologies have been proposed
since the 1990s (Rahmani, Hamadi, & Al-Haddad, 2012). The issue of where to place the PFs or
shunt capacitors is one of great importance.
The converter of an APF is controlled in order to generate a ﬁltering current that is equal to the
reactive current and harmonic current. Several techniques have been introduced in the literature
just to determine the harmonic and reactive components of the load current. These strategies
applied to APFs have a very important role in the improvement of the performance and stability of
an APF. The dynamic performance and the cost of the ﬁlter are both aﬀected by the control
strategy. Generation techniques for reference current can be classiﬁed as time domain and
frequency domain. Various time-domain methods have been proposed, and the one which is
called instantaneous active and reactive power theory (or p-q theory) was proposed by Akagi,
Kanazawa, and Nabae (1984). To be able to calculate the desired compensation current, p-q theory
basis has been used to design most APFs. However, in this case, having balanced and undistorted
three-phase grid voltages is necessary for the method to work correctly (Biricik, Ozerdem, Redif, &
Kmail., 2013; Ghamri, Benchouia, & Golea, 2012; Kale & Özdemir, 2005; Ucar & Ozdemir, 2008). Most
control methods use the grid voltages as one of the parameters to generate the reference current.
The industry frequently encounters unbalanced and distorted grid voltage conditions. The network
voltages become distorted as a result of the distorted currents which cause distorted voltage
drops. Diﬀerent cases such as diﬀerent grid impedances cause variations in the load leading
unbalanced voltages. So, without properly considering these two important power quality problems, the dynamic characteristics of HAPFs will probably be adversely aﬀected. Therefore, the gird
voltage condition should be taken into account during ﬁlter design procedure (Biricik, 2013).
In this paper, a method and the results of the study for the improvement of the harmonic
compensation and Q compensation capability of HAPFs where non-sinusoidal supply voltages are
present are discussed. Additionally, an optimal design method to reduce the implementation costs
for designing HAPFs is introduced. It is prudent to simulate the complete system model as part of
the design process before implementation. Then, the real-time control of the studied system was
achieved with a ﬁeld-programmable gate array (FPGA) architecture, which was developed using
the OPAL-RT system. The performance result of the proposed HAPF system is tested and presented
under nonideal supply voltage conditions.
The proposed method improves the harmonic current elimination together with the Q compensation capability of HAPFs whenever unbalanced and distorted supply voltages are present. An
optimal design method for reducing implementation costs in designing HAPFs is also introduced.
Advantages of our approach over previous systems are as follows:
●
●
●
●

The converter power ratio is signiﬁcantly reduced with use of the proposed HAPF
Low current stress on the power semiconductors
Fast reactive power compensation for the fast varying load conditions
A reference compensating current that is adequate even for nonideal voltage and varying
load conditions

2. Proposed HAPF topology
The work reported in this paper is concerned with three-phase systems that have either linear or
non-linear load groups. In Figure 1, we show the block diagram of a basic three-phase APF
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Figure 1. Pure APF block diagram.

connected to a general non-linear load. The APF compensates the current harmonics and nonactive power dynamically. The switch-mode power converter of the APF is used to remedy the
chief drawback of PFs as well as suppress the current harmonics. In certain applications, the APF
has been connected to the main distribution board of the system. In this type of conﬁguration, the
harmonics can wreak havoc on the internal system equipment, which cannot be prevented. One
way of minimising the damage to the equipment would be to place the APF as near to the nonlinear load as possible.
A non-unity power factor arises due to the consumed non-linear, three-phase load currents.
Therefore, the drawn currents from the load terminals are summation of reactive current with
harmonic currents as given by:
iL ðtÞ ¼ i1 ðtÞ þ ih ðtÞ þ iq ðtÞ;

(1)

where iL ðtÞ is the current of the load group, i1 ðtÞ is the current at the fundamental frequency,ih ðtÞ is
the components, and iq ðtÞ is the reactive (non-active) current.
ih ðt Þ ¼

1
X

ihþ2 sinð½h þ 2Þωt þ ;hþ2

(2)

h¼1

APFs are controlled as a current source which is parallel to the load groups. The converter is
controlled to generate a ﬁlter current, ic ðtÞ, which is equal to the consuming harmonic components
but in opposite phase, that is,
ic ðtÞ ¼ ði3 ðtÞ þ i5 ðtÞ þ i7 ðtÞ þ i7 ðtÞ þ in ðtÞÞ þiq ðtÞ:
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
ih ðtÞ

(3)

Thus, an ideal source current is given at the fundamental frequency by
is ðtÞ ¼ I1 sinðωtÞ:

(4)

Generation of both ih ðtÞ and iq ðtÞ components by the converter will increase the current
capacity of the APF as seen in Equation (3), increasing the cost quite signiﬁcantly. This is mainly
because of the current capacity of power switched devices. The use of simple shunt-connected
power capacitors or tuned passive inductive (L) and capacitive (C) ﬁlters with the APF is a wellknown method of compensating for the reactive power in a cost-eﬀective manner.
It is well known that power capacitors are easy to implement and represent a cost-eﬀective
solution for the compensation of reactive power. This type of solution is widely used in the
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domestic and industrial applications to improve the system’s power factor (Ozerdem & Biricik,
2009). The inductive loads produce inductive reactive power. Conversely, capacitive reactive power
is generated by capacitors, exactly complementing the inductive reactive power. In this case, the
current leads the voltage by a phase angle of 90°. To generate required reactive power near to the
load voltage, current and power factor parameters are necessary. In the following, we show how
the non-active power may be determined. The apparent power consumed by the system is:
S1 ðtÞ ¼ uðtÞ:iðtÞ;

(5)

where uðtÞ is the voltage at the grid and iðtÞ is the terminal load current. The real power consumed
by the load is:

Downloaded by [Lefke Univ Kutuphanesi] at 01:16 02 March 2016

PðtÞ ¼ S1 ðtÞ:cos;1 :

(6)

The power factor (pf) is expressed cos;1 (Wildi, 2006), which is the phase diﬀerence between
current and voltage of the uncompensated system. The Q absorbed by the load can be determined as:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q1 ðtÞ ¼ S21 ðtÞ  P2 ðtÞ:
(7)
After improving cos;1 to cos;2 , the new apparent power dissipated by the line is:
S2 ðtÞ ¼

P
;
cos;2

(8)

where cos;2 is the new (target) phase diﬀerence between current and voltage after Q compensation. Similarly, while cos ; is near to unity, the Q power can be determined as:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Q2 ðtÞ ¼ S21 ðtÞ  P2 ðtÞ:
(9)
Subtraction of Equation (7) from (9) gives the minimum required reactive power, that is,
QðtÞ ¼ Q1 ðtÞ  Q2 ðtÞ:

(10)

The size of the compensation capacitors is given by the following:
C¼

1
;
2π:f :Xc

(11)

where the capacitor reactance, Xc , is given by the voltage on the power capacitors divided by the
reactive current, that is,
XC ¼

uc ðtÞ
iq ðtÞ

(12)

Q
:
us

(13)

and the reactive current is:
iq ¼

Switched capacitors have great importance due to the dynamic suppression of Q when the load
groups are varying. It is important to note that the Q compensation capacitors can be obtained from
suppliers by stating the kVAr value. These power capacitors are connected to the load terminal to
improve the power factor. Hence, the new converter current with this topology can be deﬁned as:
ic ðtÞ ¼ ði3 ðtÞ þ i5 ðtÞ þ i7 ðtÞ þ i7 ðtÞ þ in ðtÞÞ
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
ih ðtÞ

(14)
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As is indicated in Equation (14), the eﬀect of the reactive current has been eliminated, thus
reducing the APF workload. If the 3rd, 5th, and 7th harmonics remain in the system being analysed,
then these harmonics can be removed using PFs. This removes the burden of cancelling for such
harmonics from the power stage. A low-pass ﬁlter can be connected in parallel to the load terminal.
Such a conﬁguration can also provide Q compensation in addition to current harmonic reduction.
However, during load power changes, this may not show good dynamic responses in term of Q
compensation. A more eﬀective solution is obtained by employing shunt switched capacitors.
Moreover, the use of a well-designed low-pass ﬁlter can reduce the converter compensation currents.
A single-tuned shunt ﬁlter can only eliminate a single current harmonic component. Therefore, a
single-tuned ﬁlter is required for each current harmonic for successful harmonic suppression. The
tuned frequency of the low-pass ﬁlters is not suggested to set high-order harmonics (Nassif, Wilsun, &
Walmir, 2009). The magnitudes of the impedances of the power capacitor and inductor are almost
equal but have opposite signs at the resonance frequency. The total capacitance of the compensation
capacitors is determined for the nth current components as follows:
Cn ¼

1
;
2π:f :Xc

(15)

where the capacitor reactance Xc is given by the voltage on the power capacitors divided by the
produced reactive power by the nth-tuned ﬁlter, Qn filter , that is,
XCn ¼

ðus Þ2
:
Qn filter

(16)

Finally, the reactor inductance can be calculated as:

Ln ¼

1
pﬃﬃﬃ
2π C:ftuned

2
;

(17)

where ftuned is the series resonance frequency of the ﬁlter and given by the following:
ftuned ¼

1
pﬃﬃﬃﬃﬃ :
2π LC

(18)

Considering the connection of both the shunt capacitors and PFs to the point of common
cabling (PCC), the injection current of the power converter can be given as:
ic ðtÞ ¼ 

1
X

in ðtÞ:

(19)

n¼9

The proposed conﬁguration is shown in Figure 2. The large varying reactive power can be
compensated by using shunt capacitors, while the PFs can be used to suppress lower-order
harmonics. This allows for the design of a converter with a lower power rating. The proposed
HAPF topology can meet the requirements of both harmonic suppression and Q compensation.

3. Capacitor and coupling inductor design
It is well known that the design for the DC-link stage involves the selection of the capacitor value
and the capacitor voltage rating. In this section, we ﬁrst introduce a new method for determining
the voltage on the DC-link converter. Additionally, a method for selecting the DC-link capacitor
value is then detailed.
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Figure 2. Overall block diagram of the proposed HAPF.

3.1 Determination of the DC-link voltage
The selection of the voltage on the DC-link rating, Udc rating, should be determined according to
the peak value of the grid voltage, usðpeakÞ . In order to transfer the active current from the capacitor
to the load, the voltage on the DC link should be set higher than the peak value of the grid.
However, it should be limited because high voltage ratios can increase the switching losses of the
converter. If the DC-link capacitance is not adequate, the ﬁlter inductor current will not vary
smoothly. On the other hand, the system dynamic response will suﬀer if capacitance is greater
than that required. Therefore, we aim to satisfy the following criteria:
us ðtÞ ¼ UsðpeakÞ :sinðωtÞ;

(20)

Udc ðtÞ>UsðpeakÞ :

(21)

According to Equation (21), lowest voltage ratio of the DC link can be calculated as:
UdcðminÞ ¼

pﬃﬃﬃ
2:u :
|ﬄﬄ{zﬄﬄ}s
USðpeakÞ

(22)

The relation between the DC side terminal voltage, udc ðtÞ, and the DC side input current idc ðtÞ, is
idc ðtÞ ¼ Cdc

dUdc
;
dt

(23)

where Cdc is the capacitor value in Farad. The Laplace transform of Equation (23) gives the
following transfer function:

INTERNATIONAL JOURNAL OF ELECTRONICS

GðsÞ ¼

uðsÞ
1
¼ :
iðsÞ
sC

7

(24)
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In order to analysis the best DC-link voltage, several simulations were performed and graphical
representation of the data is plotted in Figure 3. It is important to mention that the data are
collected for a 240 V line to neutral,ULNðrmsÞ , ideal grid voltage. The other system parameters are
presented in Table 1.
As shown in Figure 3, the voltage increases at the DC-link voltage terminals may aﬀect the
behaviour of the system negatively. This is mainly because high capacitor voltage value can
increase the switching losses of the converter, as mentioned earlier. Therefore, as a precaution,
the maximum value of the capacitance voltage should be determined a priori. Based on these
results, Equation (25) can be used to calculate maximum DC-link voltage of a three-phase
converter:

Figure 3. The current harmonic compensation of the APF under diﬀerent DC-link voltage values.

Table 1. Parameters of the analysed system.
Symbol
uS
f
Rs
Ls
Rac & Lac
Load 1
Load 2
Load 3
Lf
Cdc
Udc
Kp
Ki
L5, C5
L7, C7
fs
K

Quantity

Value

Ideal Grid L-N RMS Voltage
Network frequency
Network resistance
Network impedance
AC resistance & inductance
Linear Load Res. & Ind.
Non-linear Load Res. & Cap.
Non-linear Load Res. & Cap.
Filter inductor
Converter dc Capacitor
DC-link voltage
Proportional gain
Integral gain
5th order ﬁlter Ind. & Cap.
7th order ﬁlter Ind. & Cap.
Switching frequency
STF

240 V
50 Hz
3 mΩ
2.6 µH
10 mΩ, 0.3 mH
4 Ω, 10 mH
8 Ω, 1.3 mf
12 Ω, 1.3 mf
1 mH
9000 µf
750 V
0.09329
1.24357
3.1 mH and 130 µf
3.4 mH and 60 µf
14 kHz
100
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pﬃﬃﬃ
UdcðmaxÞ ¼ 1:5 2us :
|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
USðpeakÞ

(25)

Therefore, the required average voltage at the DC bus for three-phase APFs can be determined by
Udc ¼

UdcðmaxÞ þ UdcðminÞ
;
2

(26)

where udcðminÞ is the lowest and udcðmaxÞ is the highest DC-link voltage. Finally, Equation (26) can be
simpliﬁed as:
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Udc ¼ 1:7677  ðus Þ

(27)

3.2 DC-link capacitance value design
The aim of the DC capacitor at the converter is to supply or absorb active power to the PCC during
transient behaviour (Singh, Singh, & Mitra, 2007). Benchaita, Saadate, and Salem (1999) used the
following expression in order to determine the DC-link capacitor value:
Cdc ¼

~
p
;
2π fudc ΔUdc

(28)

~ is the harmonic power which will be injected by the converter and Δudc is the DC-link
where p
voltage ripple. In the same year, Chatterjee, Fernandes, and Dubey (1999) proposed a method for
obtaining the value of the DC-link capacitor. This method is based on the maximum active power
rating of the load. Therefore, during the peak power of the load, the maximum energy that the DClink capacitor has to supply for the worst case transient is given by:
Emax ¼ Pmax 20  103 J;

(29)

where Pmax is the total consumed active power by the load. After calculation of the minimum
voltage for the DC link by Equation (29),
1
1
Emax ¼ Cdc U2dc  Cdc U2dcðminÞ ;
2
2

(30)

the size of the DC-link capacitor is obtained via
Cdc ¼

2Pmax 20  103 J
:

UdcðminÞ 2
2
Udc 1  Udc

(31)

Equation (28) is not of much use when the characteristics of the load groups are not known well.
However, it gives the optimum capacitor value if the maximum harmonic power is known. The
second method, as given in Equation (31), is based on total active power of the load groups, Pmax .
This method may be useful when the harmonic analysis does not apply, or in cases where the load
groups are highly variable. In the speciﬁc systems, the Cdc can be chosen of a higher value to
obtain a lower steady ripple state and better transient response (Khadem, Basu, & Conlon, 2013).
However, the result in Equation (28) is more economical than Equation (31). Therefore, applicability
of either method depends on the situation.
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3.3 Design criteria of the ﬁlter inductances
The three-phase, three-leg APF consists of three inductors ðLca ; Lcb ; Lcc Þ and converter that are
directly connected to PCC. It is important to mention that these inductors are not for ﬁltering,
but rather AC-coupling inductor. Another important point is that the inductor current capacity
should be higher than the peak value of the APF currents to cater for current ripples on top of
the fundamental peak value of current. Furthermore, there are two important issues that are of
concern when selecting the ﬁlter inductor. These are the switching losses and system
response. Here, we outline a method for determining the inductor value proposed by Moran,
Dixon, and Wallace (1995). To begin with, the slope of the triangle waveform, m, is determined by

Downloaded by [Lefke Univ Kutuphanesi] at 01:16 02 March 2016

m ¼ 4hf ;

(32)

where m is the maximum ripple current, h is the peak value of the triangle waveform, and f is the
switching frequency. The maximum coupling inductances, LcaðmaxÞ ; on the ﬁrst phase can be
determined by
LcaðmaxÞ

dica
¼ usaðpeakÞ þ udcðmaxÞ ;
dt

(33)

where usaðpeakÞ is the peak voltage level of the phase-a, and udcðmaxÞ is the maximum voltage on the
DC link. And the maximum slope of the ﬁlter current at each phase can be expressed as
mðmaxÞ ¼

dica usaðpeakÞ þ udcðmaxÞ
:
¼
dt
LcaðmaxÞ

(34)

Finally, the minimum inductance can be chosen such that
LcaðminÞ ¼

usaðpeakÞ þ udcðmaxÞ
:
m

(35)

The APF inductance must be set to the correct value in order that the current reaches the
reference current at the required time.

4. Proposed control method
The control method plays an important role in the performance and stability of power electronic
devices, particularly when dealing with nonideal supply voltages. In this section, we propose a
control method for the HAPF, introduced in Section 2, which can also suppress for eﬀects of
distorted and unbalanced grid voltages.
First proposed by Akagi et al., in 1984, p-q theory is the most prevalent control method in the
literature. The main idea behind this control method is that the generated harmonic components
can be supressed with other non-linear controlled loads. The three-phase supply voltages
(usa ; usb ; usc ) and load currents (iLa ; iLb ; iLc ) are converted into an alpha and beta coordinate system
by using the Clarke transform, which yields instantaneous P and Q power components. After
obtaining the alpha and beta current waveforms, the active and non-active instantaneous powers
‘p’ and ‘q’ can be found as:
p ¼ usα iLα þ usβ iLβ þ us0 iL0

(36)

q ¼ usα iLβ  usβ iLα :

(37)

and

These relations can be expressed in a matrix form as:

10
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2 3 2
usα
p
4 q 5 ¼ 4 usβ
0
0

usβ
usα
0

32 3
iLα
0
0 54 iLβ 5:
u0
iL0

(38)

The instantaneous P and Q power components each consists of a continuous term, at the
fundamental frequency, and a harmonic term. The latter constitutes the alternating harmonic
component of the current and voltage. These components can be separated by way of low-pass
ﬁltering. The current reference signal is obtained by:
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icα

icβ

¼

1
usα
us 2α þ us 2β usβ

usβ
usα

~  pdc
p
;
~
q

(39)

where the term pdc is the active power losses of the converter. This udc value can be obtained from
a proportional-integral (PI) regulation loop by measuring of DC-link voltage.
A drawback of p-q theory is that it is susceptible to distorted and unbalanced grid supplies. This
is evident from Equation (39), where such nonideal three-phase supplies would cause corruption of
the ﬁnal parameters and thus degrade the performance of the system. The degrading eﬀect of
nonideal grid supplies on the performance of the p-q theory was reported by Biricik et al. (2013),
where it is shown how an adaptive ﬁlter, called the self-tuning ﬁlter (STF), can be adapted to p-q
theory in order to improve its resilience to a corrupted supply voltage (Abdusalam, Poure, &
Saadate, 2007; 2008, 2009; Biricik, Ozerdem, Redif, & Kmail, 2012; 2014).
Here, we use the STF algorithm to improve the performance of the proposed HAPF in reducing
harmonics; particularly, undistorted and balanced voltages are extracted from the distorted and
asymmetrical source by ﬁltering the distorted α-β components. This in eﬀect suppresses the
corruptive eﬀects of the nonideal grid supply. The block diagram of the p-q-based APF using the
STF is given in Figure 2. The transfer function of the STF is given by the integration of the
synchronised reference signal, that is,
HðsÞ ¼

Vxy ðsÞ
s þ jω
;
¼ 2
Uxy ðsÞ s þ ω2

(40)

where
ð
Vxy ðtÞ ¼ ejωt ejωt Uxy ðtÞdt:

(41)

It can be shown that the magnitude/phase response of the STF is similar to that of a bandpass
ﬁlter. Since the STF preserves phase, the input Uxy ðsÞ and output Vxy ðsÞ voltages have the same
phase. A unit magnitude response can be obtained by inclusion of a constant k into Equation (40),
thus
HðsÞ ¼

Vxy ðsÞ
ðs þ kÞ þ jω
:
¼k
Uxy ðsÞ
ðs þ kÞ2 þ ω2

(42)

This transfer function is depicted by ﬂow diagram in Figure 4.
It is clear from Figure 4 that the stationary reference components are given by:
k
ω
α ðsÞ ¼ ½uα ðsÞ  u
α ðsÞ  u
β ðsÞ;
u
s
s

(43)

k
ω
β ðsÞ þ u
α ðsÞ:
uβ ðsÞ  u
s
s

(44)

β ðsÞ ¼
u
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Figure 4. Principle scheme of the STF.

Equations (43) and (44) constitute the undistorted and balanced reference components,
obtained from the distorted and unbalanced signals, which can now be used to provide the
converter current reference signals in Equation (45), that is,

icα

icβ

¼

2α
u

1
α
u
2
u
β β
þu

β
u
α
u

~  pdc
p
:
~
q

(45)

The three-phase reference currents of the HAPF are found by applying the inverse Clark transform to the stationary reference currents, that is,
2  3 rﬃﬃﬃ2
3
1
0ﬃﬃ
ica
p

2
3
4 i 5 ¼
4  12
5 icα
:
(46)

2pﬃﬃ
cb
icβ
3

icc
 12  23
The STF algorithm can be used as a simple but eﬀective method of suppressing the negative
eﬀects of grid voltages, which allows for improved harmonic compensation by the HAPF. This
algorithm is used to ﬁlter distorted α-β quantities in order to extract the ideal and balanced
voltages from the distorted and asymmetrical source. The block diagram of the p-q-based APF
using the STF is given in Figure 4.

5. Real-time laboratory results
In this section, we provide the results of an evaluation of the proposed HAPF method by way of
real-time study on the RT-LAB platform. Employing software-in-the-loop, the proposed control
system was veriﬁed via the OPAL-RT OP5600 platform, which constitutes the real-time laboratory
set-up (see Figure 5). This platform controls the interactions between the console PC, from which
primary simulation is managed, the CPUs, and the FPGA architecture.
Hardware implementation of the proposed power system was achieved with an FPGA architecture, which was developed using the Xilinx system generator tool. As will be seen in this section,
the performance of the proposed HAPF system is tested under nonideal supply conditions. System
parameters used in these experiments are given in Table 1.
The loads Load 1 (L1), Load 2 (L2), Load 3 (L3), and combinations were connected to the grid
under ideal grid voltage condition. Then, the system responses are analysed. The three-phase, sixpulse un-controlled full-bridge rectiﬁers are used to create current harmonic components with
Load 1 and Load 2. The Load 3 is a linear load and consuming active and reactive power from the
grid.
The power quality analysis results are given in Table 2. Analysis of the system has revealed that the
dominant harmonics are the 5th and 7th harmonics – the third harmonic is considerably weaker in
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Figure 5. Experimental set-up with the OPAL-RT.

Table 2. Load analyses under ideal grid voltage condition.
Load 1 (L1)
Phase
Phase
P (kW)
Q (kVAr)
i (A)
u (V)
THDv (%)
THD
8 i (%)
>
>
>
>
>
>
>
>
>
>
>
>
>
>
<
in
>
>
>
>
>
>
>
>
>
>
>
>
>
>
:

i3 (%)
i5 (%)
i7 (%)
i9 (%)
i11 (%)
i13 (%)
i15 (%)
i17 (%)
I19 (%)
I21 (%)

a

b

42.83
240
0
26.99
0.83
20.39
12.74
0.81
8.31
5.86
0.73
4.51
3.08
0.62

30.7
8.6
43.24
0.81
0
26.99
0.83
20.39
12.74
0.81
8.31
5.86
0.73
4.51
3.08
0.62

Load 2 (L2)
Phase
c

43.01
240
0
26.44
0.08
19.82
13.01
0.04
7.78
6.10
0.03
4.03
3.27
0.02

a

b

57.09
240
0
64.43
9.19
58.26
23.40
3.70
7.93
4.09
1.68
3.74
1.61
1.02

40.7
9.9
58.84
240
0
55.40
6.19
48.95
22.98
4.20
6.86
3.87
1.92
3.25
1.50
1.16

Load 3 (L3)
Phase
c

58.45
240
0
47.71
11.38
40.22
21.79
0.64
4.74
4.31
0.32
1.97
1.89
0.21

a

b

c

46.42
240
0
0
0
0
0
0
0
0
0
0
0
0

26
21
46.1
240
0
0
0
0
0
0
0
0
0
0
0
0

46.38
240
0
0
0
0
0
0
0
0
0
0
0
0

comparison. For full load condition (L1+L2+L3), P is around 93 kW, Q is around 39.50 kVAr, and S was
measured as 101 kVA. In this study, the distorted and unbalanced supply voltage was programmed as
given in Equation (47). Figure 6 shows the grid voltage, us ; waveform. Notice that these waveforms
are not pure sinusoids. Under this condition, the load current waveform is seen in Figure 7.
9
ðωtÞ þ 30 sinð5ωtÞ þ 20 sinð7ωtÞ þ 7 sinð11ωt
usa ¼ 340 sin
>
 Þ

>
=
usb ¼ 320 sin ωt  2π=3 þ 35 sin 5ωt  2π=3 þ 9 sin 7ωt  2π=3 þ 10 sin 11ωt  2π=3
:




>
>
2π
2π
2π
2π
;
usb ¼ 350 sin ωt þ =3 þ 19 sin 5ωt þ =3 þ 15 sin 7ωt þ =3 þ 13 sin 11ωt þ =3
(47)

Figure 8(a) shows distorted voltage with current waveforms at phase-a at the load bus. As can
be given in Figure 8(b), compensation of the large reactive power and dominant harmonics
currents (5th and 7th) are achieved using shunt capacitor banks and PFs. As a result, the THDi is
reduced from 25% to 12% as seen in Figure 8(b). As a consequence, the load on the converter was
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Figure 6. Three-phase nonideal grid voltages (scale: 190 V/div.).

Figure 7. Three-phase non-linear load currents (scale: 90 A/div.).

Figure 8. Waveforms at phase-a. (a) Grid voltage with load current (scale: 90 A/div.). (b) Grid voltage with load current after
passive ﬁltering (scale: 90 A/div.). (c) Grid voltage with grid current after HAPF (scale: 90 A/div.).

lessened and, therefore, the physical size of the converter was reduced. Figure 8(c) shows the grid
current with voltage at phase-a after operation of the HAPF converter. Operation of the proposed
HAPF can be seen in Figures 9, 10, and 11 for each phase.
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Figure 9. Grid current waveforms after compensating 5th and 7th harmonics by using tuned PFs and reactive power
compensation capacitors (scale: 90 A/div.).

Figure 10. Injected converter current (scale: 90 A/div.).

Figure 11. Grid current after ﬁltering by proposed topology and control method under nonideal grid conditions (scale: 90 A/div.).
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Figure 12. DC-link voltage and current waveforms at phase-a during load decreasing (scale: 90 A/div., 10 V/div).

Figure 13. DC-link voltage and current waveforms at phase-a during load increasing (scale: 90 A/div., 10 V/div).

In our study, the reduction on the converter power ratio was about 30%. By the same token, the size
of the converter is further reduced due to the use of the PFs for compensation of the dominant
harmonics. An additional advantage is gained here due to the fact that the problem of harmonic current
cancellation is broken down into smaller sub-problems, each of which requiring less power in achieving
the goal of harmonic compensation. Additionally, the probability of fault occurrence is minimised.
The load change operation comprises the addition of all other loads to create an average load
change of 50%. As shown in Figures 12 and 13, the current magnitude at the load terminal
changed and the proposed control method compensated the grid current dynamically under
both load change conditions. Moreover, the DC-link voltage (green plot) is maintained with the
proposed control method as required under the dynamic load change.

6. Discussion
The PFs and shunt capacitors are connected to the load bus and this causes eﬀective reduction in
the 5th and 7th dominant harmonics. Moreover, the required reactive power of the loads is
compensated by the shunt compensation capacitors. As a result, non-active power consumption
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Figure 14. (a) Comparison of the harmonic distortions of the load groups under ideal and nonideal grid voltage conditions at
phase-a (b)Performance comparison of the ﬁlters under nonideal grid voltage at phase-a.

from the grid was nearly eliminated. The rest of the harmonics are suppressed with the HAPF
converter current. This allows for the design of a lower power rating converter. To verify the
performance of the proposed control theory, the proposed HAPF is investigated under distorted
and unbalanced grid voltage condition. Figure 14(a) and (b) shows the load current comparison
under distorted and non-distorted grid voltage condition at phase a.
Moreover, Figure 14(a) and (b) shows that the harmonic suppression performance results are
quite similar during the use of pure APF and HAPF with the proposed control method. As seen in
Figure 14(b), the presence of distortion on the load voltage has a negative eﬀect on the performance of the system. The THD of the grid current is over 3%, compared to only 1% obtained with
proposed HAPF with improved control method. It is clear that the working characteristic and
performance of the APF systems under highly distorted grid voltage condition is negatively
aﬀected. However, the studied HAPF with improved control method has reduced the grid current
harmonics to around 1%. Besides this, the consumed reactive power is fully compensated.

7. Conclusion
In this paper, a topology for hybrid APF is presented for harmonic current elimination and
compensation of non-active power under variable load condition. Moreover, an eﬀective control
strategy is developed for improving the elimination of current harmonic components eﬃciency of
the HAPF under unbalanced and distorted grid voltages. As a result, the proposed topology
presented in this study allows for the design and use of a smaller size converter, which means
that the power rating and cost of the HAPF is considerably reduced. The performance of the
proposed system is studied step by step. The real-time experimental results show that the studied
HAPF topology with control method is providing good solution for both current harmonic mitigation power factor improvements with reducing the kVA rating of converter.
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